We investigate suggested multilayer relaxation trends for the stepped metal surfaces by performing densityfunctional theory calculations, within the generalized gradient approximation and employing the all-electron full-potential linearized augmented plane wave (FLAPW) method, for stepped Cu surfaces. We found that the atom-rows trend, which correlates the multilayer relaxation sequence of stepped metal surfaces with the number of atom rows in the terrace, is not as general as has been assumed. While it holds true for closed stepped surfaces it does not apply for more open surfaces such as for Cu(320) and Cu(410). For example, we found relaxation sequences like ϪϪϪϪϩϪ¯for both surfaces, instead of the expected ϪϪϩϪ¯and ϪϪϪϩϪ¯, respectively. The Ϫ and ϩ signs indicate contraction and expansion, respectively, of the interlayer spacing. Our results show that the relaxation sequence of eleven stepped Cu surfaces, namely, (110), (311), (331), (211), (511), (210), (221), (711), (911), (410), and (320), follows the nearest-neighbor coordination trend, which correlates the relaxation sequence of the topmost interlayer spacings with the nearestneighbor coordination number of the topmost surface atomic layers. Therefore, the reduction of the atomic coordination plays a stronger role in the relaxation sequences of stepped metal surfaces than the number of atoms exposed to the vacuum region.
I. INTRODUCTION
A microscopic understanding of many physical and chemical processes which take place at solid surfaces such as heterogenous catalysis, electrochemistry, corrosion, lubrication, etc., requires as a prerequisite an atom level understanding of surface defects like adatoms, vacancies, kinks, atomic steps, etc. (for reviews, see Ref. 1). In particular, atomic steps are always present on real solid surfaces, and hence, there is a clear interest to understand their atomic structure. To reach that goal, the study of high-Miller-index surfaces (vicinal or stepped), which have a periodic distribution of atomic steps separated by terraces of a low-Miller-index orientation (see Fig. 1 ), is the most simple and convenient approach. 2 Most of the studies of the atomic structure of stepped metal surfaces using quantitative low-energy electron diffraction (LEED) intensity analysis, 3-12 semiempirical calculations, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and first-principles calculations, [23] [24] [25] [26] [27] [28] [29] [30] [31] have been focused in obtaining an improvement in the understanding of the multilayer relaxation phenomenon. Based on a few of those results, Tian et al. 7 suggested that there is a correlation between the interlayer relaxation-sequence of the topmost interlayer spacings and the number of atom-rows in the terrace of a stepped metal surface.
For a stepped metal surface with n atom-rows in the terrace exposed directly to the vacuum region, the topmost n − 1 interlayer spacings (d 12 ,..., d n−1,n ) contract compared with the unrelaxed interlayer distances, while the nth and ͑n +1͒th interlayer spacings, i.e., d n,n+1 and d n+1,n+2 , expand and contract, respectively. From now, contraction and expansions of the interlayer spacings are indicated by the sign Ϫ and ϩ, respectively. The correlation between the interlayer relaxation-sequences and the number of atom rows in the terrace has been understood by the physical picture, 32 which relates the contraction of the topmost layers exposed to the vacuum to the Smoluchowski charge smoothing of the electron density. 33 Furthermore, in a recent work, Sun et al. 11, 30 suggested that the multilayer relaxation sequences of the topmost interlayer spacings of a stepped metal surfaces correlates with the number of nearest neighbors of all atoms with coordination smaller than those in the bulk. In the process of multilayer relaxation, the interlayer spacing between each pair of layers with coordination smaller than in the bulk contracts. Sun et al. 11, 30 proposed that this trend is also consistent with the Smoluchowski's concept of charge smoothing. 33 The most difficult problem in identifying trends for the multilayer relaxations for the topmost interlayer spacings of solid surfaces is the discrepancy between the published results. Several discrepancies with the multilayer relaxation trends described above have been reported. For example, a quantitative LEED intensity analysis study performed by Tian et al. 7 and first-principle calculations performed by Geng and Freeman 24 for Cu(331), which has three atomrows in the terrace, obtained a multilayer relaxationsequence such as ϪϩϪϪ¯instead of the expected ϪϪϩϪ¯. However, recent first-principles calculations performed by Heid et al., 26 Sun et al., 30 and Da Silva et al. 28 found the expected multilayer relaxation-sequence from both trends, i.e., ϪϪϩϪ¯for Cu(331).
Independent first-principles calculations performed by Spišák 25 and by Heid et al. 26 for Cu(911), which has five atom-rows in the terrace, obtained a relaxation-sequence like ϪϩϪϪϩϪ¯and ϪϪϩϪϩϪ¯, respectively, which are not the expected multilayer relaxation-sequence, i.e., ϪϪϪϪϩϪ¯. However, recent first-principle calculations performed by Da Silva et al. 29 found the expected relaxationsequence for Cu(911).
Sklyadneva et al., 20 using the embedded-atom method (EAM), studied a large number of stepped metal surfaces including the Cu(221) surface, which has four atom-rows in the terrace. Sklyadneva et al. 20 found ϪϪϩϪϪ for the interlayer relaxation-sequence, instead of the expected ϪϪϪ ϩϪ¯. However, they obtained the expected trend for Al(221) and Pd(221), which are geometrically similar to the Cu(221) surface. From our knowledge, there is no available quantitative LEED intensity analysis or first-principles calculations for this surface to clarify the unexpected behavior of the Cu(221) surface.
A quantitative LEED intensity analysis study of Cu(320), which has three atom-rows in the terrace, was performed by Tian et al. 8 They found an interlayer relaxation-sequence like ϪϪϩ, which follows the atom-rows trend. This result was confirmed by Durukanoğlu and Rahman 21 (ϪϪϩϪϩϪϪ) using the EAM. However, a relaxation-sequence like ϪϪϪϪϩϪ¯is expected from the nearest-neighbors coordination trend. 30 Recent first-principles all-electron calculations performed by Yamaguchi et al. 31 found ϪϪϪϪϩϪ¯f or Cu(320), which is not in agreement with the results obtained by quantitative LEED and EAM calculations. Thus, the multilayer relaxation-sequence of Cu(320) is unclear.
To obtain a further understanding of the multilayer relaxation-sequence phenomenon on stepped metal surfaces, we performed density-functional theory (DFT) calculations employing the all-electron full-potential linearized augmented plane-wave (FLAPW) method for the stepped (221), (320), (410) Cu surfaces. As can be seen in Figs. 1 and 2, the (320) and (410) Cu surfaces are more open surfaces than Cu(221) and other stepped Cu surfaces previously studies by us. 28, 29 Hence, these surfaces can be considered as an important test for the suggested atom-rows and nearest-neighbors trends. Furthermore, we expect to contribute to the clarification of the discrepancies between the results obtained by semiempirical calculations, first-principle calculations, and quantitative LEED intensity analysis. This paper is organized as follows: In Sec. II, the theoretical approach and the computational details are described. In Sec. III, we present and discuss our results for the multilayer relaxations of the Cu(320), Cu(221), and Cu(410) surfaces. Section IV summarizes the main conclusions obtained in the present work, while in the Appendix we report the most important test calculations.
II. METHOD AND COMPUTATIONAL DETAILS
Our theoretical calculations are based on DFT 34, 35 within the generalized gradient approximation. 36 The Kohn-Sham equations are solved using the all-electron FLAPW method, 37 as it is implemented in the FLEUR code, 38 in which solid surfaces are modelled using the film geometry proposed by Krakauer et al., 39 i.e., a single slab sandwiched between two semi-infinite vacua. The LAPWs wave functions in the interstitial region are represented using a planewave expansion truncated to include only plane waves that have kinetic energies less than K wf = 16.00 Ry, and for the potential representation in the interstitial region, plane waves up to G pot = 273 Ry are considered. Inside the muffin-tin spheres with radius R mt = 1.16 Å, the wave functions are expanded in radial functions times spherical harmonics up to l max = 9, and for the potential a maximum of l max = 9 is also used. For the evaluation of the nonspherical matrix elements of the Hamiltonian we include terms up to l max ns =6. Integrations over the surface Brillouin zone were performed using a two-dimensional Monkhorst-Pack k-mesh, 40 namely, ͑14ϫ 5͒, ͑10ϫ 5͒, and ͑10ϫ 5͒, for the (221), (320), and (410) Cu surfaces, respectively. The (221), (320), and (410) Cu surfaces were modelled using a ͑1 ϫ 1͒ surface unit-cell, in which there is one Cu atom per surface layer. The most important geometric parameters of the ͑1 ϫ 1͒ surface unit-cell are summarized in Table I . The theoretical equilibrium lattice constant, a 0 = 3.63 Å, which is used in our calculations was obtained by a fitting to Murnaghan's equation of state, 41 which is in good agreement with experiments 42 ͑a 0 = 3.61 Å͒.
The atomic positions of the surface atoms are determined by force minimization, in which the equilibrium configuration of the surface atoms is assumed when the atomic force on each atom is smaller than 0.50 mRy/ a.u.. Further computational details can be found elsewhere, 28, 29 where the multilayer relaxations of the (111), (100), (110), (210), (211), (331), (311), (511), (711), and (911) Cu surfaces were studied.
III. RESULTS AND DISCUSSION
A high-Miller-index surface, which is also called a stepped or vicinal surface, consists of a periodic succession of terraces of a low-Miller-index orientation with a finite number of atom-rows exposed to the vacuum region separated by monoatomic steps (see Fig. 1 ). The Miller indices notation is not very convenient to be used in the study of high-Miller-index surfaces, e.g., Cu(320), because it does not indicate, at first sight, the geometrical structure of the surface. In order to make the structure of a stepped surface immediately obvious, the high-Miller-index surfaces such as Cu(320) can be represented in terms of the low-Miller-index orientation using the terrace-step notation, i.e., n͑hkl͒ ϫ ͑uvw͒, where n gives the width of the ͑hkl͒ terraces in term of the number of atom-rows exposed to the vacuum region, and ͓uvw͔ indicates the direction normal to the steps.
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For example, using this notation, the (211), (320), (410) Cu surfaces are represented by 4͑111͒ ϫ ͑111͒, 3͑110͒ ϫ ͑100͒, and 4͑100͒ ϫ ͑110͒, respectively. This notation allowes to obtain a quite direct view of the geometric structure of the stepped surfaces, since it makes obvious that there are four, three, and four atom-rows in the terrace exposed to the vacuum region for the (221), (320), (410), Cu surfaces, respectively.
For stepped surfaces, the multilayer surface relaxations can be decomposed in atomic displacements perpendicular and parallel to the surface. For (221), (320), and (410), the atomic displacements parallel to the surface are allowed only along of the direction perpendicular to the steps due to the presence of the mirror symmetry plane perpendicular to the steps (see Fig. 2 ). The displacements parallel to the surfaces do not change the translational symmetry of the surface unit cell.
In the present work, the interlayer relaxations perpendicular to the surface are calculated with respect to the unrelaxed clean surface interlayer distance, d 0 . We define,
is the interlayer distance between two atomic layers obtained by total energy minimization. Similarly, the relaxations parallel to the surface, which are commonly called registry relaxations are given by ⌬r i,i+1 = 100͑r i,i+1 − r 0 ͒ / r 0 , where r i,i+1 is the registry distance along the direction perpendicular to the steps, as indicated in Fig. 1 . The ideal interlayer and registry distances, d 0 and r 0 , respectively, are summarized in Table I .
The stepped Cu surfaces were modelled using from 13 up to 27 layers in the slab. For each surface, calculations were performed using at least two different number of layers in the slab, N l , to check the convergence of the multilayer relaxations with respect to the number of layers in the slab. The results obtained for the multilayer relaxations, ⌬d i,i+1 and ⌬r i,i+1 , are summarized in Table II , along with previously published results.
We found that 13 layers in the slab are sufficient to obtain a qualitative description of the multilayer relaxationsequence for (221), (320), and (410) Cu surfaces, i.e., the interlayer relaxation-sequence does not change for N l Ͼ 13. However, for a high precision quantitative description of the multilayer relaxations one needs more than 13 layers. We found that the registry relaxations do not play a decisive role in the multilayer relaxation-sequence. However, the registry relaxations change the magnitude of the interlayer relaxations. From now, we will discuss the results for each particular surface using results obtained with the largest number of layers in the slab.
A. Stepped Cu(221) surface
For Cu(221), which is schematicaly represented in Figs. 1 and 2, we found a multilayer relaxation-sequence like ϪϪϪϩϪ¯. Therefore, our result is not in agreement with the results obtained by Sklyadneva et al. 20 (ϪϪϩϪϪ) using the EAM. For example, we found a contraction and an expansion for d 3 4 and d 4 5, respectively, while Sklyadneva TABLE I. Lattice parameters of the ͑1 ϫ 1͒ surface unit cell for the (221), (320), and (410) Cu surfaces. ͉a ជ͉ and ͉b ជ ͉ are the dimensions of the surface unit cell, while is the angle between the vectors a ជ and b ជ . d 0 is the interlayer spacing distance between two adjacent surface layers parallel to the surface of the ideal unrelaxed surface, while r 0 is the registry distance of the ideal unrelaxed surface along the direction perpendicular to the steps. All quantities, except the angle, are in units of the lattice constant. The experimental and theoretical Cu lattice constants are 3.61 Å and 3.63 Å, respectively.
Cu (221) Cu ( We found that ͉⌬d 12 ͉ Ͼ ͉⌬d 23 ͉ Ͼ ͉⌬d 34 ͉, as well as ͉⌬d 45 ͉ Ͼ ͉⌬d 56 ͉ Ͼ ͉⌬d 67 ͉ for the Cu(221) surface, however, this trend is not obtained for the (320) and (410) Cu surfaces (see below). The interlayer distance between the topmost surface atomic layer and the fourth surface atomic layer is given by 3a 0 / ͱ 36= 1.81 Å (see Fig. 1 ), which became 1.66 Å after the surface relaxation. Hence, the stepped surface tends to became more flat, which is expected due to the reduction in the electron density corrugation.
It can be seen in Table II that there are large discrepancies in the magnitude of the interlayer relaxations between our results and those obtained by EAM calculations. 20 The comparison shows that the contraction of the topmost interlayer spacing is quite well reproduced by EAM calculations, however, the interlayer relaxations of the Cu atoms at the bottom of the step edges are poorly reproduced by the EAM calculations.
B. Stepped Cu(320) surface
For Cu(320), which is schematicaly represented in Fig. 1 , we found a multilayer relaxation-sequence like ϪϪϪϪϩϪ¯, i.e., the topmost four interlayer spacings contract, while the fifth and sixth interlayer spacings expand and contract, respectively (see Table II ). The same result was found using 13, 19, and 27 layers in the slab with and without taking into account atomic displacements parallel to the surface. Furthermore, we found the same relaxationsequence using different cutoff energies and different sets of k-points (see Appendix). Thus, we are certain of the relaxation-sequence obtained for Cu(320).
A quantitative LEED intensity analysis study of Cu(320) performed by Tian et al. 8 found that the first interlayer spacing contracts by −24± 6%, which is larger by almost a factor of two compared with our result. For the second interlayer spacing, they obtained a contraction of −16± 12%, which is in better agreement with our result. For the third interlayer spacing, they obtained an expansion of +10± 6%, while we obtained a contraction of similar magnitude. The relaxation of further inner interlayer spacings was not taken inot account in their work. Hence, their relaxation-sequence is ϪϪϩ, which is in clear disagreement with our result.
We found that the magnitude of the relaxation of the fifth interlayer spacing has similar magnitude of the topmost interlayer spacing, which indicates the importance of taking into account at least up to the sixth interlayer spacing in the quantitative analysis of the LEED intensities. From the results above, we can conclude that the agreement between our calculations and the LEED results obtained by et al. 8 is far from satisfactory. A much better agreement between DFT and quantitative LEED is obtained for other stepped Cu surfaces, 28, 29 we expect that the present discrepancy motivates further quantitative LEED intensity analysis study for the Cu(320) surface. Our relaxation-sequence found for Cu(320) is in excellent agreement down to the 9th interlayer distance with the allelectron FLAPW calculations performed by Yamaguchi et al. 31 However, there are small discrepancies in the magnitude of the topmost interlayer relaxation (see Table II ). Our results and those obtained by EAM calculations, 21 are not in good agreement. Particularly, the magnitude of the interlayer relaxations involving Cu atoms at the bottom of the step edges are poorly reproduced by the EAM calculations.
C. Stepped Cu(410) surface
For Cu(410), which is schematicaly show in Fig. 1 , we found a multilayer relaxation-sequence like ϪϪϪϪϩϪ¯. This result was found using different number of layers in the slab, e.g., 13 and 21, and for different cutoff energies and number of k points (see Appendix). Thus, as for the Cu(320) surface, we are certain of our results.
We found that the magnitude of the topmost interlayer contraction decreases by a large value due to the registry relaxations, which is also found for the fifth interlayer spacing. Such behavior was also found for almost all studied stepped Cu surfaces by all-electron FLAPW calculations, 28, 29 except for the Cu(320) surface, in which the interlayer relaxations almost do not change due to the registry relaxations (see Tables II and III) .
Our relaxation-sequence is in excellent agreement with the all-electron FLAPW calculations recently reported by Yamaguchi et al., 31 however, there are discrepancies in the magnitude of the interlayer relaxations. For example, we found ͉⌬d 34 ͉ Ͼ ͉⌬d 12 ͉ while they found the opposite. Furthermore, they found that the topmost interlayer contraction is the largest relaxation in absolute value, while we found it for ⌬d 56 . Our convergence tests reported in Appendix show that our results are converged with respect to the cutoff energy and number of k-points, hence, such discrepancies migh be to due the optimzation of the atomic forces.
Durukanoğlu and Rahman 19 performed EAM calculations for Cu(410) and obtained ϪϪϪϩϩϪ¯, which differs from our result in the sign of the fourth interlayer spacing. They found expansion and we found contraction. The agreement between our results and those obtained by EAM calculations for the magnitude of the interlayer relaxations is good for particular interlayer spacings, e.g., d 45 , d 67 , however, there a large discrepancies for the other interlayer spacings.
IV. MULTILAYER RELAXATION PHENOMENON
The multilayer relaxation-phenomenon will be discussed in the present section using our results obtained for the (221), (320), and (410) surfaces, as well as our previous all-electron FLAPW results obtained for other Cu surfaces. 28, 29 We want to point out that the aim of the present section is to provide a further understanding of the multilayer relaxationphenomenon by testing the atom-rows 7 and nearestneighbors coordination 11, 30 trends using our results for the Cu surfaces. The multilayer relaxation-sequence of eleven Cu surfaces are summarized in Table IV , along with the number of atom-rows in the ͑hkl͒ terrace and the nearestneighbors coordination sequence of the topmost atomic layers.
A. Atom-rows trend
The atom-rows trend (see introduction) relates the relaxation-sequence to the number of atom-rows in the terrace. It is explained in terms of the physical picture, 32 which relates the topmost surface layer contraction to the Smoluchowski charge smoothing of the electron density. 33 On a real solid surface, electrons smooth and spread out mainly to lower their kinetic energy. This weakens the electron-density corrugation and means that the electron density spreads from the region above the atoms (on-top site region) to the region between them (hollow site region). Thus, electrostatic forces cause the topmost surface layers to move inwards resulting in a contraction of the topmost interlayer spacing. The physical picture does not take in account , ⌬r i,i+1 , respectively, of the (221), (320) , and (410) Cu surfaces. N l indicate the number of layers in the slab. ⌬r i,i+1 are given with respect to the unrelaxed surface interlayer and registry distances, r 0 (see text and Table I the nature of the chemical bonding in the different metal surfaces, i.e., similar multilayer relaxation-sequence is expected for geometricaly similar stepped metal surfaces. For solid surfaces with a large electron-density corrugation such as fcc (110), the contraction of the topmost interlayer spacing is larger than for closed-packed surfaces such as fcc (111), which is indeed obtained by LEED intensity analysis and first-principles calculations. For stepped surfaces several atom-rows on the terraces (which belong to different planes) are exposed to the vacuum region. These atoms are affected by the Smoluchowski charge smoothing of the electron-density, and hence, a contraction is obtained for the surface atoms exposed to the vacuum. As the atomrows exposed to the vacuum belong to different surface layers, a contraction is observed for several surface layers, which depends on the number of atom-rows in the terrace. Thus, it explains the atom-rows trend.
We found that the multilayer relaxation-sequence of the (110), (311), (331), (211), (511), (210), (221), (711), and (911) Cu surfaces follows the atom-rows trend, however, the same was not found for (320) and (410) (see Table IV ). For example, the (410) and (320) Cu surfaces have four and three atom-rows in the terraces, hence, according to the atom-rows trend, it is expected relaxation-sequences like ϪϪϪϩϪā nd ϪϪϩϪ¯, respectively. However, we found a multilayer relaxation-sequence like ϪϪϪϪϩϪ¯for both surfaces, which is expected for a stepped surface with five atom-rows in the terrace such as for Cu(911). Therefore, the (410) and (320) Cu surfaces have an irregular behavior with respect to the the atom-rows trend, i.e., the relaxationsequence does not correlate with the number of atom-rows in the terrace.
To understand such irregular behavior for (320) and (410), a top view of the these surfaces are required, as pointed out by previous work. 31 It can be seen in Fig. 2 that the Cu atoms numbered by 4 and 5 are also exposed to the vacuum region.
However, these atoms are below the terrace, as can be seen in Fig. 1 . Thus, for (320), the relaxation-sequence correlates with the number of Cu atoms exposed to the vacuum region and not with the number of atom-rows in the terrace.
For Cu(410), the Cu atoms in the topmost eight atomic layers are exposed to the vacuum region (see Fig. 2 ). The Cu atoms numbered from 1 up to 4 are in the terrace, while from 5 up to 8 are below the terrace. Using the same procedure used for Cu(320), i.e., taken into account the surface atoms exposed to the vacuum region, we would expect a relaxationsequence like ϪϪϪϪϪϪϪϩϪ¯, however, we found ϪϪϪϪϩϪ¯from our calculations. Thus, the relaxationsequence found for Cu(410) does not correlate with the number of atom-rows or surface atoms exposed to the vacuum region. Therefore, the atom-rows trend is not general enough to explain and predict the perpendicular multilayer relaxation-sequence of stepped metal surfaces.
B. Nearest-neighbor coordination trend
Sun et al. 11, 30 suggested that the nearest-neighbor coordination trend is consistent with the Smoluchowski's concept of charge smoothing. 33 However, we want to point out that the nearest-neighbor coordination trend is a simple consequence of the chemist's concept of bond-order bond-length correlation, 44 which correlates the contraction of the topmost surface layer to the reduction of coordination of the surface atoms. This concept has also been known as chemical picture. 43 In the chemist's concept the principle is the saturation of valence. Every atom has a fixed number of valence electrons, e.g., 11 for Cu. Hence, in the bulk Cu eleven electrons are distributed in 12 bondings. If a surface is formed, the surface atoms loose several neighbors. The electrons that were involved in the bonding to these neighbor atoms redistribute themselves in the remaining bonds, i.e., to the atoms in the TABLE IV. Multilayer relaxation and coordination sequences for Cu surfaces. The second column indicates the number of atom rows in the ͑hkl͒ terrace exposed to the vacuum region, which are separated by ͑uvw͒ steps. The fifth column indicates the sequence of coordination numbers [number of nearest-neighbors (NN)] for the outermost surface layers down to where the bulk fcc coordination (i.e., 12) is obtained. N c indicates the number of surface layers for which the coordination is smaller than the bulk Cu coordination. The last column summarizes the multilayer relaxation sequence for several stepped Cu surfaces as calculated with the all-electron FLAPW method in the present work and in our previous work (Refs. 28 and 29).
Surface Atom rows in the terraces
Terrace ͑hkl͒
Step ͑uvw͒ surface layer below. Thus, the number of electrons per bond increases, which reduces the bond length, i.e., the interlayer distance between the surface layers. Furthermore, as an effect of the reduction of the coordination number, there are large changes in the density of states of the surface atoms. In Fig. 3 , we plotted the local density of states (LDOS) for the Cu(320) surface for the topmost seven surface layers. There is a large decrease in the bandwidth of the LDOS for the topmost surface layer. The changes in the LDOS are not restricted to the topmost three surface atomic layers, which are exposed directly to the vacuum region, but extend for inner surface layers. It can be seen in Table IV that the coordination of the topmost seven surface layers are 6, 7, 9, 11, 11, 12, and 12, respectively. Thus, it explains the similar shape of the LDOS for the topmost two surface layers, as well as for the layers numbered by 4 and 5. The LDOS approaches that of bulk Cu only for the sixth and seventh surface layer (see Fig. 3) .
We calculated the number of nearest-neighbors coordination for every atomic layer down to the plane where we obtain the bulk Cu coordination Cu, i.e., 12. The number of nearest-neighbors were obtained for the ideal unrelaxed surface and the results are summarized in Table IV . For example, for Cu(110), the bulk coordination number is obtained for the third atomic layer, while for Cu(911), it is obtained only for the sixth atomic layer. We can see in Table  IV that there is a clear correlation between the number of surface atomic layers in which the coordination is smaller than the bulk coordination and the multilayer relaxationsequence, which include all studied Cu surfaces. Therefore, all studied surfaces follow the nearest-neighbor coordination trend, which does not occur with the atom-rows trend.
The nearest-neighbor coordination trend can be written in the following: For an ideal stepped metal surface, in which the topmost n surface atomic layers have nearest-neighbor coodination numbers smaller than the bulk coordination (12 for face-centered cubic structure), the topmost n − 1 interlayer spacing contracts compared with the ideal unrelaxed surface, while the nth interlayer spacing expands and the ͑n +1͒th contracts, respectively. For example, for Cu(711), the coordination of the Cu atoms in the topmost five surface atomic layers are 7, 8, 8, 10 , and 12, respectively. There are four surface layers in which the coordination numbers are smaller than the bulk coordination, and the relaxationsequence is ϪϪϪϩϪ¯.
We noted from Table IV that the atom-rows trend is a particular case of the nearest-neighbor coordination trend, hence, all stepped metal surfaces with fcc structure that fit in the atom-rows trend also fit in the nearest-neighbor coordination trend. Thus, it is a clear evidence that the coordination trend is more general than the atom-rows trend. Whether the coordination trend found based on calculations for fcc Cu also holds true for other crystal structures, e.g., bodycentered cubic, remains to be tested. We want to point out that the both trends do not take into account the nature of the chemical bonding in the different metals, since it only uses the coordination numbers and number of atom-rows, which are the same for all metals with the same atomic structure.
V. SUMMARY
In the present work we performed DFT calculations employing the all-electron FLAPW method for the stepped (221), (320), and (410) Cu surfaces. Based on the results obtained for the mentioned Cu surfaces and from our previous FLAPW calculations for other stepped Cu surfaces, 28, 29 we investigated previous suggested multilayer relaxationsequence trends, 7, 11, 30 e.g., atom-rows and nearest-neighbor coordination trends, for stepped metal surfaces.
We found that the multilayer relaxation-sequence of eleven stepped Cu surfaces, namely, (110), (311), (331), (211), (511), (210), (221), (711), (911), (410), (320), follows the nearest-neighbor coordination trend, 11, 30 which is not true for the atom-rows trend. 7 E.g., from the atom-rows trend, it is expected multilayer relaxation-sequences like ϪϪϩϪā nd ϪϪϪϩϪ¯for Cu(320) and Cu(410), respectively, however, we found ϪϪϪϪϩϪ¯for both surfaces. Therefore, based on first-principles calculations for stepped Cu surfaces, we found that the nearest-neighbor coordination trend is the most general trend to predict and explains the multilayer relaxation-sequence of the topmost interlayer spacings of stepped Cu metal surfaces.
The nearest-neighbor coordination trend can be rewritten as follows: For a stepped metal surface, in which the topmost n surface atomic layers have nearest-neighbor coordination smaller than for the bulk crystal (calculated for the ideal unrelaxed surfaces), the topmost ͑n −1͒ interlayer spacings, i.e., ͑d 12 ,¯, d n−1,n ͒, contract compared with the unrelaxed interlayer spacing, while the nth and ͑n +1͒th interlayer spacings, i.e., d n,n+1 and d n+1,n+2 , expand and contract, respectively. In the present work, we explain this trend as a simple consequence of the chemist's concept of bond-order bondlength correlation. 44 We expect that future first-principles calculations and quantitative LEED intensity analysis for stepped metal surfaces geometrically similar to the (320) and (410) Cu surfaces find a similar trend as obtained by us, i.e., the atomrows trend is not valid for more open stepped metal surfaces.
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APPENDIX
Here, we report and discuss the dependence of the magnitude of the interlayer and registry relaxations of the (320) and (410) Cu surfaces with respect to computational parameters such as the cutoff energy, K wf , and number of k-points in the surface BZ, N BZ k , used to perform the integration over the BZ. We want to point out that these tests were performed to check carefully the relaxation-sequence obtained for Cu(320) and Cu(410), i.e., ϪϪϪϪϩϪ¯, as well as the magnitude of the interlayer relaxations, which differ from previously published studies. 8, 19, 21, 31 The interlayer and registry relaxations calculated using a slab with 13 layers are close to the results obtained using slabs with a higher number of layers, e.g., 19 (see Table II ). Thus, our test calculations were performed using 13 layers in the slab. Calculations were performed for cutoff energies from 10.56 Ry up to 20.25 Ry and for k-points from N BZ k = 4 up to 49. All results are summarized in Table V .
We found that the interlayer relaxation-sequence for Cu(320) and Cu(410) is ϪϪϪϪϩϪ for all chosen cutoff energies and k-point sets. Thus, our systematic test calculations show that the relaxation-sequence obtained in the present work is a real physical behavior for these surfaces and not a result of unconverged calculations. On the other hand, we found changes in the sign of the registry relaxations with increasing computational parameters such the cutoff en- ergy, e.g., calculations for Cu(320) using K wf = 10.56 Ry found ϪϩϪϩϪϩ while for K wf = 16.00 Ry we found ϪϩϩϩϪϩ.
We found changes in the magnitude of the interlayer relaxations with increasing cutoff energy and number of k-points, which is expected (see Table V ). In particular, we found that some interlayer distance relaxations are strongly dependent on the computational parameters, e.g., d 45 , while there are only relatively small changes of the contraction of the topmost interlayer spacing. As can be seen in Table V , a cutoff energy of 16.00 Ry and 25 k-points in the surface BZ provide well converged interlayer and registry relaxations for (320) and (410) Cu surfaces. Thus, the same cutoff energy and similar high quality k-points were used in the calculations for the Cu(221) surfaces, as previously for other stepped Cu surfaces. 28, 29 *Corresponding author. Email address: j.dasilva@fz-juelich.de
